A single-headed fibre optic laser Doppler anemometer capable of measuring the angle of a flow is presented. The instrument relies upon the use of birefringent optical fibre and is configured to measure the three orthogonal velocity components, from which the flow angles are calculated, using two Doppler difference channels and one reference beam channel. The design of the probe head permits accurate measurement of the Cartesian velocity components, enabling measurement of the two angles used to define the flow with typical errors of ±1
Introduction
Increasing the performance of turbomachinery requires a more detailed understanding of the flow. The three-dimensional (3D) boundary layers around rotating blades and near walls have been the subject of considerable research in recent years [1] . Turbulence levels and secondary effects, resulting from the 3D nature of the flow, have a significant impact on the flow angles, which affects the pressure distribution and this in turn affects the performance of the entire turbomachine [2] . Many applications in fluid mechanics, for example turbomachinery, require the measurement of the flow over a wide range of angles [3, 4] , with an accuracy of 1
• . Flow angles of up to 140
• have been measured [5] and measurement over an angular range of −70
• to +70
• has also been reported by hot-wire anemometry with an accuracy of 0.75
• -1.6
• [3] . However, hot-wire anemometry disturbs the flow under investigation and is unable to measure close to blades or within rotating stages.
Laser Doppler anemometry (LDA) is a well established non-intrusive technique for the measurement of fluid flow [6] . 1 Author to whom any correspondence should be addressed.
A number of LDA configurations have been reported based on the measurement of the Doppler frequency shift imposed on light scattered from particles entrained in the flow [7] [8] [9] [10] [11] [12] [13] . This technique offers reliable data over a wide range of velocities, with high spatial resolution. Measurement of the frequency shift is usually achieved by mixing the scattered light from two intersecting beams, as in the Doppler difference or dual-beam technique. This method enables the velocity component orthogonal to the bisector of the two beams to be measured. However, there is an increasing demand to measure all three velocity components to fully characterize the flow [7] and to calculate the flow angles. This requires three separate measurement channels. In applications where optical access is readily available two separate Doppler difference probe heads are usually employed [14] . However, in applications where optical access is restricted, for example measurements within turbomachinery, a single probe head is required [15] [16] [17] [18] .
A number of single-probe-headed 3D LDA configurations have been developed [15] [16] [17] [18] . They require the transformation of measurements made in a non-orthogonal coordinate system into the Cartesian system. In a previous publication we presented an analysis of the optimum geometry for a singleheaded probe that minimizes the errors in the calculated velocity components and demonstrated an experimental fibre optic based configuration that enables these measurements to be made [18] . The probe uses two Doppler difference channels to directly measure the transverse velocity components and a fibre optic reference beam channel to measure the axial velocity component (figure 1). With the Cartesian velocities determined, a velocity vector may be calculated. However, uncertainties in the measured velocity components lead to uncertainties in the magnitude and direction of the flow determined from the measured components. In this paper, we demonstrate how the uncertainties in the measured Cartesian velocity components affect the accuracy with which the flow direction may be determined. Experimental developments to the original probe are described and then used to determine the performance in measuring flow angles from a rotating disc.
Theory
Reference beam LDA is based upon measuring the beat frequency generated by the optical mixing or heterodyning of light scattered from a moving object (signal) with a proportion of the source light (reference) upon the surface of a photodetector ( figure 2(a) ). The measured Doppler frequency shift, ν D , is related to the velocity, V , of the flow by [19] 
where γ REF is the half angle between the illuminating and viewing directions, λ is the wavelength of the illumination, and β is the angle between the velocity vector of the particle and the bisector of the viewing and illuminating directions. The measured velocity component is parallel to the bisector of the illuminating and receiving directions, thus this technique is predominantly sensitive to the axial velocity component. The reference beam technique has been employed successfully in real engineering applications [20] , and in 3D LDA configurations [12, [15] [16] [17] [18] . There are, however, a number of practical limitations. These include the stringent requirements on the alignment [21] , polarization matching of the signal and reference beams and a limited collection aperture. The use of optical fibres has been shown to overcome many of these problems [14, 18, [22] [23] [24] and measurements independent of viewing direction. The light scattered from particles entrained in the flow is then amplitude modulated at a frequency given by the ratio of the velocity component perpendicular to the fringes and the spacing of the fringes:
The spacing of the fringes is a function of the incident angle between the beams (γ DD ) and the wavelength of illumination. The Doppler difference technique is predominantly sensitive to the transverse velocity component ( figure 2(b) ). This led to the production of single-headed 2D probes with orthogonal Doppler difference channels to measure the transverse velocity components V x (horizontal) and V y (vertical).
The requirement to measure all three velocity components, and the practical difficulties associated with the reference beam technique, in bulk optic configurations, led to the development of single-headed probes operating with inclined Doppler difference channels to measure the in-line velocity component (V z ) [17] . The use of inclined Doppler difference channels requires careful calibration if meaningful data are to be obtained, as small geometric uncertainties will lead to significant errors [18] . The following section examines the accuracy of a number of single-headed 3D LDA configurations and determines the degree of uncertainty with which they could measure the flow direction.
Accuracy considerations
Since the three orthogonal velocity components are not measured directly, the measured non-orthogonal components must be transformed into Cartesian coordinates. A convenient way to do this is with the use of a transformation matrix [25] . Consider a system where U represents the measured velocity components and V represents the required Cartesian velocity components. A transformation matrix a may be written such that U = aV. The transformation matrix is independent of the velocity measurements and is a function of the geometry of the probe head. Examination of geometric error will lead to an understanding of the errors in the measured flow angles. Adopting a similar approach to that presented in [18] we will compare the geometric uncertainties in four single-headed 3D LDA configurations and the concomitant effect on the theoretical flow angles. The configurations are illustrated in figure 3 . Figure 3 (a) is a schematic diagram of three spatially multiplexed reference beam channels using a single illuminating beam [15] . The scattered light was collected through three angularly separated ports in the same head. The head was mounted along the optical axis and operated in forward scatter mode. The 3D micro-LDA configuration that was reported by Ahmed et al [16] (figure 3(b)) employed three angularly separated Doppler difference channels. However, practical considerations permitted only one Doppler difference channel, which had to be rotated by 120
• between measurements. Stauter [17] (figure 3(c)) developed a fivebeam LDA system, which comprises two beams in the vertical plane to measure the velocity component V y and three in the horizontal plane. The three beams in the horizontal plane form two Doppler difference channels, which are capable of measuring components of V x and V z . Originally Stauter employed a single wavelength for the beams in the horizontal plane and frequency shifted the outer beams with Bragg cells [17] . This enabled appropriate electronic bandpass filters to separate the signals. However, this five-beam configuration was later commercially developed (TSI™ model 9833 and Dantec™ model 5-beam FibreFlow™) by employing different wavelengths in the two channels in the horizontal plane. James et al [18] ( figure 3(d) ) reported the use of a hybrid probe. This probe consists of two orthogonal Doppler difference channels to measure V x and V y and a reference beam channel, with offaxis collection, to measure V z . Off-axis collection provides improved spatial resolution and a reduction from the effects of flare, enabling near wall measurements. This probe uses optical fibres to transmit and collect the scattered light and wavelength multiplexing to separate the channels.
The flow angles
In order to define a direction in a Cartesian coordinate system two angles are required. These are illustrated in figure 4 . It should be noted that angle φ is a function of V x and V y while angle θ is a function of V x , V y and V z . Adopting the approach reported by Morrison et al [25] the errors in the measured velocities are calculated as a function of the f -number of the probe head. These errors are then used to calculate the uncertainty in the flow angles.
The transformation between non-orthogonal and orthogonal coordinate systems may be calculated by the matrices U, a and V where U represents the measured velocities, a represents the appropriate transformation matrix and V represents the required Cartesian velocity components.
The transformation matrix is a function of the probe head angles, γ and ϕ, which are defined in figure 3 for the various single-headed probe heads. In order to obtain the orthogonal velocity components, the inverse transform has to be calculated such that
Flow angles φ and θ are defined as
The manipulation of the transformation matrices allows for the calculation of the errors in the Cartesian velocity components dV x , dV y and dV z . The errors in the flow angles dφ and dθ may then be determined.
The orientations of the measured orthogonal velocity components are defined by the orientation of the probe head relative to the flow. Typically, turbomachinery applications result in the in-line velocity component measuring the radial velocity component; for this reason the following discussion assumes that V x = V y = 10V z . The errors in measurands are assumed to be the velocity error = 1%, the probe head angle dγ = 0.1 • and a probe head rotation angle dϕ = 0 • . Figures 5(a) and (b) show that the probes with Doppler difference channels are well suited for the measurement of angle φ with all three systems incorporating Doppler difference channels providing the required 1
• error for a probe f -number of <4. This arises due to the Doppler difference technique directly measuring V x and V y . However, figure 5(b) indicates that only the configurations that utilize a reference beam have the required performance for the angle θ . This is a consequence of the more direct measurement of V z using a reference beam. The conclusion from the results shown in figure 5 is that the hybrid approach reported in [18] is the optimum configuration to obtain the required accuracy for both flow angles in turbomachinery applications. 
Probe design
The experimental configuration is based on that described in [18] . A brief description is provided here such that the developments to the instrument can be described. The specification for the probe is summarized in table 1. Figure 6 (a) is a schematic diagram of the layout of the probe. The use of optical fibre is fundamental to the implementation of the instrument, allowing stable efficient alignment for the reference beam channel and remote operation of the sources and detectors. The use of linearly birefringent fibre throughout avoids polarization induced fringe fading that causes a concomitant reduction in the signal-to-noise ratio (S/N). Three single-mode laser diodes operating in the wavelength range 800-815 nm are used as the light sources. The linearly polarized output of the laser is aligned with a polarization eigenmode of the fibre, thus ensuring preservation of the linear state of polarization throughout. Light collected by the probe head is returned via a multimode fibre from the two Doppler difference channels and via a birefringent fibre for the reference beam channel.
Laser stabilization
The behaviour of semiconductor laser diodes is significantly affected by the introduction of unintentional [26] or intentional feedback from external passive reflectors [27] . Bulk optic Bragg gratings used as external cavities for laser diodes have demonstrated reduced threshold currents [28] , the ability to maintain single-mode operation over a wide range of injection currents and temperatures [29] , wavelength tuning [30] and reduced chirp. The properties of stabilized single-mode operation, wavelength tuning and reduced chirp are very attractive for LDA in turbomachinery applications. The wavelength tuning allows greater spatial separation of the signals after they are diffracted by the bulk optic Bragg grating and reductions in chirp enable strobing at higher frequencies, which is required to avoid flare from rotating blades [31] . The laser-to-fibre coupling packages originally developed for the probe provided >60% coupling efficiency. Single-mode longitudinal operation of the laser was possible, but only for a limited range of operating temperatures and injection current. In addition, modulating the laser injection current from threshold to operating current causes wavelength chirp that when combined with optical path length imbalances within each channel of the interferometer leads to unwanted frequencies and broadening in the measured velocity spectrum. A passive reflector compatible with fibre optic technology is the in-fibre Bragg grating (FBG). FBGs are formed by holographic inscription of a periodic refractive index modulation into the core of the optical fibre [32] . This Bragg grating structure acts as a wavelength dependent mirror in the fibre and enables high reflectivities to be obtained with very narrow optical bandwidths. These devices have been used to stabilize the output from fibre lasers and semiconductor lasers operating in the telecommunication range of 1300-1600 nm [33] but little work has been reported in the 800 nm range used in this work. The FBGs were fabricated, in house, in Fujikura hi-bi Panda type fibre (SM.85-P-5/125), using a tunable UV source [34] . This method of fabrication allows fine control of the peak wavelength, enabling the FBG to be matched to the laser wavelength. Reflectivities of approximately 70% and bandwidths of 0.2 nm were used. The FBG was housed within a connector ferrule for robustness. The fibre with the FBG was then fusion spliced onto the input fibre using a Sumitomo fusion splicer (model 35SE-RC), with alignment of the polarization eigenmodes to within a degree. Fusion splices throughout the system had typical losses of 0.05 dB.
The reference beam channel
The output from a 150 mW (SDL model 5421-G1, with BlueSky™ circularizing optics) laser diode is coupled into one port of an in-house manufactured polarization maintaining variable split ratio coupler (VSRC) ( figure 6(a) ). Varying the split ratio allows optimization of the signal to noise ratio. The signal beam consists of 90% of the power while the remaining 10% was used to form the reference beam. In order to obtain directional information, the beam is coupled out of the fibre, and passes through a Bragg cell (Gooch and Housego model FS040-2F), that imposes a frequency shift of 40 MHz, thus aiding signal processing and allowing directional discrimination. The frequency shifted first order is coupled into one input arm of a second VSRC. The scattered light is collected from the flow via the central section of the bi-focal lens (L1) ( figure 6(b) ) and coupled into the other input arm of the VSRC set to its maximum split ratio (90%) so that most of the signal from the probe head is transmitted to an avalanche photodiode (APD). 
The Doppler difference channels
The outputs from the lasers used to illuminate the Doppler difference channels are coupled via a FBG into fibre pigtailed Bragg cells (Gooch and Housego model FS040-2F-F3P), which not only act as frequency shifters, but also as 3 dB beam splitters ( figure 6(a) ). The Bragg cells have an insertion loss of <2 dB. Fine control of the diffraction efficiency is obtained by subtle variation of the voltage applied to the radio frequency (40 MHz) amplifier, allowing optimization of the intensity ratio of the beams. The extinction ratio between the input and transmitted beams through the Bragg cell is 25 dB. Outputs from both ports of the Bragg cell are coupled back into Panda fibre and delivered to the probe head. The scattered light from the Doppler difference channels is collected by the outer section of the bifocal sending lens and coupled, via a lens (L2), into a multimode fibre. The output from the multimode fibre is incident upon a bulk diffraction grating, which demultiplexes the channels. The two Doppler difference channel outputs are detected by APDs. The APD signals are then analysed on enhanced Dantec™ burst spectrum analysers (BSA) and processed using a personal computer (PC) to recover the Doppler frequencies.
Results
The test object used to assess the performance of the LDA system to measure flow angles was a flat disc. The disc was 75 mm in diameter and could be rotated at up to 7000 rpm, equivalent to a velocity, at the edge of the disc, of ±55 m s −1 . The probe head, mounted on a translation stage, was placed 200 mm from the front face of the disc, which was rotated along the vertical axis (y) by an angle α. The translation stage, orientated in the z (in-line) direction, allowed fine control over the position of the measurement volume. Velocity vectors along a chord, located at a distance 33 mm below the central horizontal axis of the disc, were measured (figure 7). Careful experimental technique minimized variations in the angle between the probe head and the disc between successive measurements.
The three velocity components were measured at several points along a chord of the disc. The velocity measurements • and dθ = ±3
• . There is, however, some asymmetry in the experimental points for the angle θ . The cause of this is believed to be a combination of the disc being inclined, by a small angle, with respect to the vertical-horizontal plane and an uncertainty in the exact position of the measurement point on the disc. Figure 10 shows the result of making multiple measurements across the surface of a disc rotating at 37 Hz. Data were not taken from the top section of the disc, as this region was inaccessible to the probe head. The resultant velocity vector of the three Cartesian velocity components is represented by the size and direction of an arrow that starts at the measurement point. The maximum measured velocity was approximately 18 m s −1 .
Discussion
The acquisition of reliable data is dependent upon reducing the uncertainty in the Cartesian velocity components. While Doppler difference channels are well suited for the transverse velocity components, large errors occur when they are used to map in-line velocity vectors. For this reason the fibre optic reference beam technique offers a method of obtaining accurate in-line velocity data. The flow angle, θ , was measured over a range from 8
• to 50 • , with a typical error of ±3
• . φ was measured from −80
• to +80
• , with a typical error of ±1
• . The largest source of error affecting the measurement of flow angles is the accuracy of the probe head angle γ . This angle must be measured to an accuracy of greater than 0.1
• if flow angles are to be measured to 1
• . This accuracy could be attained by measuring the separation of the Doppler difference beams at a known distance away from the measurement volume. However, it may be difficult to locate the centre of the beams at a distance > 1 m. Boutier [35] proposed an alternative solution when he reported using a theodolite to measure the probe head angle. Alternatively, the calibration constant of the anemometer should be calculated through a careful experiment as was performed in this work.
Conclusion
An optical fibre based laser Doppler anemometer has been demonstrated. The optical configuration is a single probe head that is configured with two Doppler difference channels to measure the transverse velocity components and an off-axis reference beam to measure predominantly the in-line velocity component. The instrument uses linearly birefringent singlemode optical fibre to deliver the output from Bragg grating stabilized laser diodes. Directional discrimination is achieved in each channel from the use of a Bragg cell. This configuration is shown to be able to measure flow angles with a typical error of ±1
• and ±3
• for an f -number of 4 from a rotating disc. A further experimental programme to assess the performance on turbomachinery flows is planned.
